Boron deprivation experiments with humans have yielded some persuasive findings for the hypothesis that boron is an essential nutrient. In the first nutritional study with humans involving boron, 12 postmenopausal women first were fed a diet that provided 0.25 mg boron/2000 kcal for 119 days, and then were fed the same diet with a boron supplement of 3 mg boron/day for 48 days. The boron supplementation reduced the total plasma concentration of calcium and the urinary excretions of calcium and magnesium, and elevated the serum concentrations of 1 7f,-estradiol and testosterone. This study was followed by one in which five men over the age of 45, four postmenopausal women, and five postmenopausal women on estrogen therapy were fed a boron-low diet (0.23 mg/2000 kcal) for 63 days, then fed the same diet supplemented with 3 mg boron/day for 49 days. The diet was low in magnesium (115 mg/2000 kcal) and marginally adequate in copper (1.6 mg/2000 kcal) throughout the study. This experiment found higher erythrocyte superoxide dismutase, serum enzymatic ceruloplasmin, and plasma copper during boron repletion than boron depletion. The design of the most recent experiment was the same as the second study, except this time the diet was adequate in magnesium and copper. Estrogen therapy increased plasma copper and serum 17p-estradiol concentrations; the increases were depressed by boron deprivation.
Results Human Experiments 1 and 2
Boron deprivation experiments with animals and humans have yielded some persuasive findings for the hypothesis that boron is nutritionally essential. In experimental animals, boron deprivation apparently affects the function or composition of several body systems, including the skeleton, kidney, and brain (1, 2) . The variables affected by boron deprivation are associated with the metabolism of several other nutrients including calcium, copper, and nitrogen (1, 2) . Responses to low dietary boron have been most marked when an experimental animal has had to respond to a stressful situation that adversely altered hormonal or cellular membrane status such as the deprivation of calcium, cholecalciferol, magnesium, or potassium (1, 2) . Therefore, the first nutritional study of boron (B) with humans used postmenopausal women (3, 4) ; they undergo hormonal changes during peri-menopause associated with an increased loss of calcium from bone or the body.
Twelve postmenopausal women first were fed a diet that provided 0.25 mg B/2000 kcal for 119 days and then were fed the same diet with a boron supplement of 3 mg/day for 48 days. During the experiment, seven of the women were fed a diet low in magnesium (116 mg/2000 kcal); the other five had their diet supplemented with 200 mg Mg/day. The boron supplementation of the boron-deprived women decreased the urinary excretion and plasma concentration of calcium and magnesium, decreased the urinary excretion and plasma concentration of phosphorus in the women fed the magnesium-low diets, and increased plasma testosterone and 17p-estradiol concentrations. Generally, the effects of boron deprivation, or supplementation, seemed more marked in the women fed the magnesium-low diet.
Another study was performed with five men over the age of 45, nine postmenopausal women (five postmenopausal women on estrogen therapy) and one premenopausal woman (originally thought to be postmenopausal). They were fed a boron-low diet, or 0.23 mg/2000 kcal for 63 days (5, 6) . Then they were fed the same diet supplemented with 3 mg B/day for 49 days. The diet was low in magnesium, 115 mg/2000 kcal, and marginally adequate in copper, 1.6 mg/2000 kcal, throughout the study. When all 15 subjects were in the comparison, serum calcitonin, 25-hydroxycholecalciferol and ceruloplasmin concentrations, plasma copper concentration and erythrocyte superoxide dismutase activity were lower whereas serum creatinine, glucose, and blood urea nitrogen concentrations were all higher during the boron depletion period than the boron repletion period. Boron supplementation of the boron-deprived women on estrogen therapy, but not the other two groups, also tended to increase serum 17,-estradiol concentrations. Table 1 shows the nature of the changes induced by dietary boron in erythrocyte superoxide dismutase, serum 17p3-estradiol, plasma copper, and serum glucose.
Discussion-Human Experiments 1 and 2
The two human experiments described above yielded a bewildering and surprising array of significant findings, considering that boron has a biochemical role apparently so subtle it was considered nutritionally unimportant until the 1980s. However, a close analysis of the findings from these two experiments indicates that boron affects many of the same variables as calcium. Analysis suggests this similarity occurs because both elements affect a similar sysEnvironmental Health Perspectives In this third study, the subjects were four men over the age of 45, nine postmenopausal women (five postmenopausal women on estrogen therapy) and-once again-one women who was thought to be postmenopausal but estrogen analyses during the study revealed that she was not.
The subjects were fed a 3-day menu rotation diet that contained conventional foods including beef, pork, rice, bread, and milk, but was low in fruits and vegetables. of these, the boron supplementation seemed to mimic, rather than enhance, the effects of estrogen therapy. For example, as shown in Table 3 , serum immunoreactive ceruloplasmin apparently was increased by estrogen. Boron supplementation after boron deprivation increased this variable in all groups in a similar fashion. Unlike with plasma copper, the change did not occur only in the postmenopausal women ingesting estrogen. A similar effect was obtained with plasma triglycerides (9) . Thus, boron supplementation of boron-deprived people apparently can cause changes in some variables similar to those induced by estrogen therapy. (The purpose of estrogen therapy is to prevent calcium loss and bone loss which can lead to osteoporosis, bone fractures, and crushed vertebrae.) Some further evidence from this experiment that boron, like estrogen, is a substance that can affect calcium or bone metabolism includes the finding that, as in the second experiment, boron supplementation after boron deprivation increased serum 25-hydroxycholecalciferol concentrations (Table 4) . Urinary hydroxyproline is used as an indicator of changes in bone metabolism. As shown in Table 4 , the urinary excretion of hydroxyproline significantly increased during the boron repletion period. This change suggests that boron increased collagen turnover. Because increased urinary hydroxyproline usually is associated with bone loss, this finding is difficult to explain in light of the fact that most of the other changes related to calcium metabolism induced by boron supplementation after boron deprivation suggest boron has a positive effect on calcium and bone metabolism. However, urinary hydroxyproline is also derived from collagen synthesis during the breakdown of the procollagen N-terminal extension peptides and of neosynthesized collagen molecules (10, 11) . Therefore, it may be possible that boron supplementation increases active bone formation and causes a greater need for collagen (on which calcification is initiated). As a result, urinary hydroxyproline is slightly increased. The urinary excretion of calcium (Table 4) certainly does not suggest bone breakdown; dietary boron did not significantly affect this variable.
Because boron apparently influences calcium and bone metabolism, and because some of the effects of boron supplementation after a period of boron deprivation are similar to estrogen therapy, boron may be acting in a manner similar to estrogen in affecting calcium and bone metabolism. Unfortunately, the mechanism through which estrogen affects calcium metabolism has not been clearly established (12, 13) , but estrogen apparently can modify the actions of hormones that affect calcium metabolism. Some of this modification probably occurs at the cell membrane level. The possibility that boron has a similar effect is supported by findings with plants. They indicate boron has a regulatory role involving hormones such as auxin, gibberellic acid, and cytokinin, and the control of a second messenger such as calcium at the cell membrane level (14, 15) .
Some recent work with rats in my laboratory also supports the possibility that boron can alter membrane function. In this experiment, weanling rats were fed marginally deficient, adequate, and luxuriant amounts of potassium (0.18%, 0.36% and 0.72% of the diet) and two amounts of boron-0 and 3 mg/kg of diet. After 12 weeks on these diets, blood platelets were obtained. And, through the use of the fluorescent marker FURA-2, cellular ionized calcium concentrations were measured in the resting stage and after activation with 0.25 units per ml thrombin with and without the presence of 1.0 mM external calcium. Preliminary results suggest that the amount of calcium released from stores after activation with thrombin may be decreased by dietary boron. However, when the platelets were activated by thrombin in the presence of 1.0 mM external calcium, the response suggested that boron caused changes in the cell membrane that altered calcium transport in and out of the cell. Increasing potassium increased the transport of calcium into platelets from boron-deprived rats (454 to 548 to 586 nM). In boron-supplemented rats, the dietary potassium changes did not have much of an effect (501 to 501 to 536 nM). These cellular ionized calcium concentration findings need to be confirmed and extended before any conclusive statement can be made about their meaning. Nonetheless, the hypothesis that boron and calcium interact to influence hormone action, transmembrane signaling and / or membrane function or stability is made more attractive by these preliminary findings. Moreover, if this hypothesis is true, it provides a simple explanation for the large variety of effects of varying characteristics when boron and calcium are altered in the diet, including those found in the human experiments described above.
Summary and Conclusions
In summary, boron most likely is an essential element in the human diet. However, the exact biochemical function of boron has not been elucidated. Many findings to date suggest that boron and calcium action are interrelated, or that these two elements affect similar systems that influence many variables, including the modification of hormone action, the alteration of cell membrane characteristics, and/or transmembrane signaling. Because of its apparent nutritional importance in calcium metabolism and utilization, humans should consume foods luxuriant in boron (fruits, vegetables, legumes, and nuts).
